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Introduction
GPCRs, transporters and ion channels, constitute the largest family of membrane protein targets (MPTs) in drug discovery. 1 To date, these are mostly targeted by small molecule compounds to modify their function, but poor drug-like properties or pharmacokinetics of the drugs are still a problem. Therapeutic monoclonal antibodies (mAbs) against these complex targets have become an interesting approach. 2 While modulating antibodies against Class B and C GPCRs, and against transporters and ion channels (e.g., P23 and P27) with relatively large extracellular domains (ECD), have been reported, [3] [4] [5] functional antibodies against class A GPCRs and most of the transporters and ion channels with a small extracellular domain and small extracellular loops have been more challenging, and examples of mAbs raised against these targets are rare. 6, 7 Hybridoma technology and phage display are two technologies commonly used for mAb discovery. For both technologies, antigen is required for immunization and for selection and screenings of antigen-specific clones. Identification of functional mAbs against MPTs is technically challenging because of the membrane-embedded topology of these molecules.
GPCRs typically contain 7-transmembrane domains, while, for transporters and ion channels, the number of transmembrane domains can go up to 24. MPTs are dependent on a membrane environment to maintain their natural structure, and this makes it difficult to maintain the proper folding when they are expressed as soluble proteins. An additional complexity is the poor expression level of most of these MPTs, probably due to toxic effects when overexpressed, which limits accessibility of potential epitopes. MPTs are thus difficult to use for immunization, selection and screening. However, several technologies have been established to address these problems. 8 Cells overexpressing the GPCR of interest or membrane fractions derived thereof are often used for immunizations. The disadvantage of immunizations with such cell-based materials is that the immune response is also directed against other membrane components, and membrane fractions lose their out-side-out orientation, directing the immune response against the intracellular epitopes as well. To prevent these off-target responses, DNA immunization, in which the host animal cells express the GPCR of interest, is an attractive approach. 9 In this report, we addressed several of the complex issues with identification of functional mAbs against MPTs, using the GPCR glucagon receptor (GCGR), as a model molecule.
GCGR belongs to the secretin-like type-B GPCRs, and equilibrates between an open and closed conformation. In the open conformation, the extracellular (ECD) is perpendicular to the membrane, while in the closed conformation the ECD covers the extracellular loop regions (ECL). Glucagon preferentially binds the open conformation where the C-terminal domain of glucagon binds the ECD, facilitating the penetration of the N-terminal half of glucagon into a cavity formed by the 7-TM domain. 3, 10, 11 Active immunization of outbred llamas and phage display for the generation of potent therapeutic mAbs against membrane proteins has proven powerful. 12, 13 Here, we describe the successful combination of DNA immunization of outbred llamas with scFv-phage display, and selections using virus-like particles (VLP) for the identification of glucagon receptor-specific antagonistic mAbs.
Results

DNA immunization raises target-specific immune responses against GCGR
For generation of a GCGR-specific immune response, four llamas were immunized with pcDNA3.1 encoding the GCGR protein (aa1-477) under control of constitutively active CMV promoter. DNA injections were repeated a total of four times with two-week intervals, followed by a single subcutaneous cell boost with dromedary Caki 14 cells overexpressing the GCGR. Specific immune responses to GCGR were measured by flow cytometry on Caki cells expressing GCGR (Caki-GCGR), with ELISA on virus-like particles derived from GCGR overexpressing HEK293 cells (VLP-GCGR), and on recombinant extracellular domain of GCGR (ECD-GCGR, aa1-147). All four llamas showed a specific immune response to Caki-GCGR cells compared to that of the parental Caki cells (Fig. 1A) . The immune responses were further evaluated on VLP-GCGR and ECD-GCGR. Three of the four llamas showed a response measured on VLP-GCGR ( Fig. 1B) . While llama 15 did not show a response to VLP-GCGR, there was a high immune titer measurable on ECD-GCGR (Fig.   1C ). The anti-llama IgG mAb used to detect the immune response is directed against the conventional antibodies of camelids, which was called IgG1. 15 DNA immunization without boost was already sufficient to generate a llama IgG1 response as shown in Figure 1D for llama 73, indicating that class switch and affinity maturation had taken place even without a boost with cells. Analysis of the immune response to immobilized ECD-GCGR over time showed that all four llamas had a high GCGR-specific response already after the third DNA immunization (Suppl. Fig. 1 ). Llama 73 had the highest increase with an EC 50 of 0.8% after three DNA immunizations (3XDNA), which was improved 20-fold after the Caki-GCGR boost ( Fig. 1D) . A boost with Caki-GCGR cells increased the immune titers for all llamas, except llama 52. Taken together, our results suggest that DNA immunization is a very effective technology to obtain a specific immune response to membrane-embedded GCGR. 
Identification of specific antibodies binding to the extracellular domain and extracellular loops of GCGR
Fab phage selections on recombinant ECD-GCGR identify specific clones binding to different epitopes on the extracellular domain. To identify GCGR-specific antibodies, Fab expressing phage libraries were constructed from peripheral blood lymphocytes (PBL) of the GCGR positive llama 14 and 73 after the boost with Caki-GCGR cells. Phage selections showed 1,000-10,000-fold enrichment of binding phage over the control on immobilized recombinant ECD-GCGR after three rounds of selection. Individual clones were screened as Fab in periplasmic extracts for binding to ECD-GCGR using surface plasmon resonance (SPR) with 56% (158 of 280 clones) having off rates in the low, 10 3 (s 1 ), range correlating with low nanomolar affinities. Sequencing revealed a total of 10 different VH families based on HCDR3 sequences and lengths (Suppl. Fig. 2 ). 16 One representative clone of each VH family was reformatted into human IgG1. GCGR binding on cells was confirmed with flow cytometry with EC 50 of 2-20 nM ( Table 1) . Affinities of the mAbs to cells expressing GCGR were in the range of affinities (K D ) measured by SPR on ECD-GCGR ( Table 1) . scFv phage display identifies additional ECD-GCGR specific clones. To further expand the panel of GCGR specific clones, we performed selections on full-length native GCGR on VLP derived from GCGR overexpressing HEK293 cells (VLP-GCGR). After three rounds of selection with Fab phage libraries 14 and 73 (Vκ and Vλ), only the 73Vκ library showed limited enrichment, but screening on ECD-GCGR did not yield GCGR-specific clones. The background on VLP-null was relatively high for all libraries, and screening on VLP-GCGR and recombinant ECD-GCGR did not yield any specific GCGR clones. ECD-GCGR selections were included as control, and gave 100-fold enrichments over the irrelevant control, but no new VH families were identified.
At this point, we had shown that Fab selections on ECD-GCGR generated specific clones binding to native GCGR on cells, but we could not identify Fab binding to GCGR on VLP.
As previously identified, specific VHH can be readily selected against GPCR (CXCR4) expressed on VLP (Suppl. Fig. 3 ), which may be due to their multivalent display on phage, resulting in avid binding to its immobilized target. We therefore hypothesized that converting the Fab libraries into scFv libraries would display the antibody fragments multivalent by the phage 17-19 and possibly allow selection of additional GCGR binders, including the ones directed against the extracellular loops. Supplementary Figure 4 , shows 100-fold higher phage titers of a GCGR-ECD-binding phage clone, 1C3 when coated with GCGR-VLP 6 compared to recombinant GCGR-ECD. This indicates that there are fewer target molecules available on the GCGR-VLP compared to recombinant ECD-GCGR. ScFv display of 1C3 did not show much advantage over Fab display when selected on a 2 µg/ml coating of recombinant ECD-GCGR. However, when we selected on a coating of 5 U/well GCGR-VLP, the phage output titer was 100-fold higher with scFv display. This demonstrates that multivalent display of 1C3 scFv has an advantage over monovalent Fab display when there are low target densities.
ScFv libraries (Vλ and Vκ) based on the RNA samples of the DNA immunized and Caki-GCGR boosted llama 73 were constructed, and phage selections on the recombinant ECD-GCGR and VLP-GCGR were performed with Fab and scFv libraries in parallel. After a first round on VLP-GCGR, a second-round selection was performed on ECD-GCGR to investigate if we had enriched for ECD-GCGR binders in the first round. Both the Fab and scFv libraries from the first round on ECD-GCGR showed phage enrichments over the control, whereas only scFv display showed clear enrichment (±1000-fold) on ECD-GCGR after a first round on VLP-GCGRs ( Fig. 2A and 2B) . Screening for binding to ECD-GCGR after two rounds of selections revealed 77% positive binders (32/45). Most of the selected scFv clones after the second round on GCGR-VLPs showed the full-length scFv-encoding sequence as compared to the Fab fragments, which were truncated.
Positive clones from the scFv libraries belonged to previously identified VH families 1, 2 and 10 from 73 FabVλ. In addition, six new VH families were identified from 73 FabVλ (VH families [11] [12] [13] [14] [15] [16] , also binding to ECD-GCGR. ScFv recognizing ECD-GCGR was measured using SPR and revealed off rates (k d ) of 3.3-0.3×10 3 (s 1 ) (Suppl. Fig. 5 ). No clones were screened from the Fab libraries.
Counter selection with VLP-null and ECD-GCGR removes background binders and identifies ECD and ECL GCGR binders.
To reduce the background binding to VLP-null (not containing GCGR), input phage from scFv libraries 73Vκ and Vλ, were pre-incubated with a 10-fold excess of VLP-null in suspension, and selected on immobilized VLP-GCGR in a first round. Selections without VLP-null counter selections were included as control. In second and third selection rounds, ECD-GCGR was included with and without VLP-null counter selections. After the second selection round, there was only enrichment on the ECD-GCGR and no difference in enrichment over the VLP-null control, indicating enrichment for specific binders in the first round on VLP-GCGR with VLP-null counter selections. Continuing with the third round, we observed a 300-fold enrichment on the VLP-GCGR and the ECD-GCGR Downloaded by [University of Sussex Library] at 06:04 24 May 2016 after VLP-null counter selections in all three rounds, indicating more enrichment of GCGRspecific clones during the previous rounds including the counter selections ( Fig. 2C) . While the enrichments for VLP-GCGR were similar with and without counter selection; the background on the VLP-null was strongly reduced by counter selection.
Clones originating from round three, counter selected with excess of VLP-null and selected on the VLP-GCGR, were investigated for specific binding to full-length GCGR and to ECD-GCGR in ELISA. Binding ELISA revealed that most GCGR-specific clones bound recombinant ECD-GCGR. One new large family (nine clones, family 19) originating from library 73Vλ bound full-length GCGR on VLP-GCGR, without binding to ECD-GCGR, indicating recognition of a different part of GCGR than the ECD ( Fig. 2D and 2E) . Two different clones from VH family 19 with the same CDR3 sequence, but containing amino acid differences in the remnant of the VH and different VL (6C6 and 6A5), and one clone from VH family 20 (6B3, control ECD-GCGR binder) were converted to IgG1 and further characterized for binding to GCGR expressed on Chinese hamster ovary (CHO) cells and VLP. Sequences of 6C6 and 6A5 are shown in Suppl. Fig. 6 .
To demonstrate that mAbs 6A5 and 6C6 did not require ECD for GCGR binding, a truncated GCGR that lacked the ECD (GCGRΔECD, aa146-447) was constructed. HEK293E cells were transfected with constructs encoding GCGR and GCGRΔECD. Binding analysis of mAbs to HEK293E cells overexpressing GCGR and GCGRΔECD confirmed previous results, with 6C6 and 6A5 binding to the GCGR and GCGRΔECD, whereas 6B3 only bound GCGR ( Fig. 2F) . After pre-incubation with an excess of recombinant ECD-GCGR, the binding of 6B3 to 293E cells overexpressing GCGR was lost, whereas mAbs 6C6 and 6A5 still showed binding to GCGR (Fig. 2F) .
To select for more ECL binders, VLP-null and ECD-GCGR were combined for counter selections in the second and third round of selections. VLP-null was included in all three selection rounds. The combined counter selection resulted in decreased numbers of ECD binding phage and 10-300-fold enrichment after three rounds of selections on VLP-GCGR from both 73 scFv libraries (Fig. 3A) .
ScFv binding ELISA showed that counter selection with VLP-null and ECD-GCGR only revealed 20% ECD-GCGR binders from library 73Vκ and none from library 73Vλ. Sequence analysis showed many clones belonging to VH family 19. In addition, one new family was identified: family 29 (clones 9C8 and 9A4; sequences are shown in Suppl. Fig. 5 ), which specifically bound to VLP-GCGR, and not to ECD-GCGR. After conversion to IgG1, binding to the ECL regions of GCGR was confirmed as both mAbs showed binding to 8 GCGRΔECD and GCGR in competition with ECD-GCGR by flow cytometry (Fig. 3B) . In conclusion, by counter selection with a combination of VLP-null and ECD-GCGR, we were able to identify a second family (family 29) of clones binding to the ECL regions of GCGR.
Antibodies binding to different epitopes on ECD-GCGR inhibit glucagon-induced activity
Representative mAbs of the 10 different VH families were investigated for functional activity in a glucagon-induced cAMP assay using stable CHO-GCGR cells. Seven of these mAbs were able to interfere with glucagon-mediated cAMP increase (Fig. 4A) . They were all ECD-GCGR-binders, whereas the mAbs representing both ECL-binding families did not show any activity in the cAMP assay.
The 10 antibodies were tested against one another in a competitive binding ELISA using one mAb in solid phase (6.7 nM), binding the 67 pM biotinylated ECD-GCGR in the presence of 6.7 M (100-fold access) of the competing mAb. Figure 4B shows a schematic representation of the assay. Epitope mapping using competition ELISA revealed binding to five different epitopes on the ECD of the GCGR by the 10 different mAbs (Fig. 4C) ,
indicating that the two outbred llamas 14 and 73, give different epitope coverage. The three mAbs binding to the ECD-GCGR that did not show any interference with glucagon-mediated cAMP increase bind to the same epitope (Fig. 4D) . Taken together, selections on recombinant ECD-GCGR yield high affinity antibodies, binding to native GCGR and covering different epitopes on the extracellular domain.
Discussion
Finding mAbs against MPTs is difficult, and identification of mAbs that modulate the activity of these targets is even more challenging. Functional mAbs against GPCRs have been reported, but antibody discovery against this class of targets is still difficult. In this report, we demonstrate that DNA immunization of llamas effectively elicited a target-specific immune response against a MPT, without any off-target responses. Boosts with cells overexpressing GCGR resulted in higher target-specific plasma titers. We choose Caki cells overexpressing GCGR because they originate from dromedaries, which are evolutionarily related to llamas, aiming for less off-target responses. One immunization with Caki-GCGR cells was sufficient to boost the response against GCGR without raising a high response against other antigens on the cells, whereas a full cell immunization campaign with six repetitive injections of Caki-GCGR cells resulted in a high off-target response as observed in a separate study (unpublished data).
9
To identify mAbs against MPTs, multiple bait materials, including recombinant extracellular loops, cells, membrane fractions, proteoliposomes, VLPs or purified recombinant membrane protein, have been used. 20 Recombinant extracellular loops are pure, but only represent a part of the whole target, and therefore may not elicit clones against discontinuous epitopes. One approach to solve that problem are recombinant loops fused to each other in so-called CLIPS. 21 Cells and membrane fractions contain many other proteins, and therefore give high background outputs during phage selections. VLP are membrane derived and contain other cell surface proteins as well, which might explain why we observed some background binding to VLP-null during our phage selections on VLPs. This could easily be diminished by counter selection with a high excess of null VLP. VLP appeared to be the bait material with the highest molecular density of full-length GCGR that was commercially available.
VLP have the advantage that they have a much higher density of the target GPCR compared to cells and membrane fractions and can easily be coated onto an ELISA plate. 22 The molecular density of target molecules on VLPs is still much lower compared to a coating of recombinant protein. In this report, we demonstrated that, with these 'relatively low densities' of coated target molecules, phage selections benefit from multivalent display of antibody fragments due to avid binding. With Fab display, which is strictly monovalent, 23 we were able to identify five VH families by selections on the recombinant ECD of GCGR, whereas scFv-display with selections on full-length GCGR on VLP allowed us to successfully identify a much higher diversity of VH families, including two families that bound to the ECL regions. This is, to our knowledge, the first report describing mAbs against the ECL regions of a type-B GPCR, which is challenging because the closed conformation, where the ECD of GCGR covers the ECLs, is energetically more favourable. [10] [11] Phage display in antibody discovery allows scientists to easily focus on a particular epitope using different approaches. Most of the GCGR-specific clones found by panning on GCGR VLPs bound to the ECD of GCGR. By performing counter selections with a large excess of recombinant ECD of GCGR during our selections on VLP-GCGR, we were able to identify additional ECL binding clones. In conclusion, by combining DNA immunization with scFvdisplay and selections on VLPs, we identified 23 different VH families of GCGR-specific clones derived from only two outbred llamas.
Most of the clones binding to the ECD of GCGR were able to inhibit glucagon-mediated cAMP increase. Antagonistic mAb against the ECD of GCGR, reported by Mukund et al, 11 either block residues of the glucagon-binding cleft or allosterically prevent the conformational positioning of the ECD that is essential for GCGR activation. 3 The clones binding to the small ECL regions of GCGR were not able to inhibit glucagon-mediated cAMP increase, which does not exclude antagonistic GCGR-ECL-binding mAbs from being found. The identification of antagonistic mAb directed against the ECD of GCGR may represent a more general approach for identification of antagonistic mAbs against other secretin-like type B GPCRs, which share structural features and ligand interaction hotspots, and therefore most likely similar conformational changes of the ECD. [10] [11] In summary, we demonstrated that DNA immunization is a very efficient way of immunization to generate specific immune responses to an MPT like GCGR. VLPs are the source of full-length GCGR material with a high amount of full-length GCGR. ScFv-display on VLP in combination with counter selections removing the ECD-GCGR binders, allows the identification of clones that bind to ECL regions. The advantage of scFv-display over Fabdisplay is that multiple copies of scFv are displayed per phage, 17-19 resulting in avid binding.
Avid phage binding is essential when panning on relatively low target density coatings. 
Materials and Methods
Constructs and cell lines
Flow cytometry
100,000 Caki or HEK293E cells expressing hGCGR, hGCGRΔECD or MOCK were incubated with mAbs (1 µg/ml) for 1 h at 4°C, washed and incubated with phycoerythrinconjugated goat anti-human antibody for 1 h at 4°C before reading using fluorescenceactivated cell sorting (FACScount, BD Biosciences). For competition experiments, a 100-fold excess of ECD-GCGR (over the anti-GCGR mAb) was incubated with the anti-GCGR mAb.
Immunization and library construction
Four llamas were immunized with DNA, repeated a total of four times with two-week intervals, followed by a single subcutaneous cell boost with dromedary Caki cells overexpressing the GCGR. They were housed with water and food ad libitum. All animal studies were conducted in accordance with European directive 2010/63/EU and with national legislative regulations after local ethical approval by the Ethical Committee for Animal Testing, Antwerp University. Llamas were anesthetized for approximately 30 min with an intramuscular injection of 1.5 ml Hella-Brunner mix (500 mg Xylazine and 150 mg ketamine 100) and then injected with 1 ml pCDNA3.1-hGCGR (2 mg/ml) intradermally, divided over at least eight injection spots. Directly after injection, an electric pulse of 450 V with a resistance below 3000 Ω was given, using the Agile Pulse In Vivo system (BTX #47-0400N) with 4×6, 2 mm needle (BTX #47-0050). Cell boost was performed with 10×10 6 stable transfected Caki-hGCGR cells, stored frozen in DMEM + 10%FBS + 10% DMSO, washed in phosphate-buffered saline (PBS) twice and transported on ice before injected subcutaneously.
Plasma was prepared from 10 ml blood, collected before the start of the immunizations (pre-immune), a week after the third and the fourth DNA immunizations (3XDNA and 4XDNA) and a week after the cell boost in EDTA tubes. PBLs were isolated from 400 ml blood collected four days after completion of all immunizations; RNA was isolated, cDNA amplified and four Fab libraries (llamas 14 and 73) were constructed as previously described. 12 Two scFv libraries were constructed from llama 73 by amplification of the heavy chain (VH) and the light chain (Vλ and Vκ) from the primary Fab libraries, digestion with restriction enzymes SfiI/NotI for VH and ApaLI/AscI for Vλ and Vκ, extracted and ligated into the pSc vector. Vector pSc was derived from the pCB3 phagemid vector and has the LacZ promoter, RBS, gene3 leader, SfiI/NotI restriction sites, (Gly 4 Ser) 3 CXCR4 DNA immunizations of two llamas were performed as described for GCGR; VHH libraries were prepared as previously described. 24
Phage selection
Phage were produced as previously described 17 For counter selections, phage were incubated with 100 U null VLPs or 50 µg/ml ECD-GCGR for 1 h before being adding to the immobilized material.
Second or third round selections were performed using the rescued phage from the previous round. Briefly, the ON rescues were diluted 1/100 and grown in LB containing ampicillin and 2% glucose until OD 600 reached 0.5. Helper phage M13-KO7 (Thermo Fisher #18311019) were added (phage: bact ratio 10:1) and allowed to infect for 30 min without shaking at 37°C. The medium was exchanged by centrifugation and resuspension in 50 ml 2TY/Amp/Kan (50 µg/ml) and incubation ON at 28ºC for phage production. Phage were precipitated using PEG precipitation as previously described. 17 Selections were performed as described for the first round, but with decreased amounts of phage (10 10 phage/well).
ELISA and Surface Plasmon Resonance binding assays
The immune response was investigated using ELISA with 1 µg/ml immobilized ECD-GCGR, blocking in 1% casein in PBS and incubation with a dilution series of the plasma, starting at 10%, detected with mouse anti-llama IgG1 (in-house antibody) and horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody (1/5000, Jackson ImmunoResearch #715-035-150). A positive signal was revealed with 3,3',5,5'-tetramethylbenzidine (TMB) and H 2 SO 4 and read at optical density (OD) 450 nm.
Phage ELISA was performed using the same set-up as for the immune response or with immobilized VLP-CXCR4, but the phage were detected with a HRP-conjugated M13 antibody (GE Healthcare #27-9421).
For screening of binding clones, TG1 E. coli was infected with selected phages and individual colonies were isolated. Secretion of Fab or scFv fragments was induced using IPTG (Thermo Fisher #R0391), and the Fab-containing periplasmic fraction of bacteria was collected. Binding of Fab or scFv to ECD-GCGR was determined by ELISA using ECD-GCGR in solid phase and periplasmic crude extract in solution. Binding was revealed using HRP-conjugated anti-MYC antibody (Bethyl Laboratories #A190-105P). Fab or scFv that scored positive in ELISA were further investigated using SPR (BIACORE 3000 apparatus, GE Healthcare). ECD-GCGR was immobilized on a CM5 chip using amine coupling in sodium acetate buffer (GE Healthcare #BR100012). The periplasmic extracts with the Fab or scFv fragments were loaded with a flow rate of 30 µl/min. The Fab off-rates (k off ) were measured over a two-minute period. Regeneration was performed with 10 mM glycine pH1.5 for 10 sec. Binding clones were sent out for sequencing (LGC Genomics), and divided into families based on VH CDR3 sequence length and homology. 16 VH families were given an internal number not based on IMGT (International Immunogenetics Information System) nomenclature.
Production and purification of IgG1
Antibody (mAb) recloning to IgG1, transfection, production in HEK293E cells (ATCC #CRL-10852) and Protein A purification were performed as previously described. 12, 25 Epitope mapping with competitive binding ELISA Competitive binding ELISA was used for epitope mapping. One mAb was immobilized on maxisorb plates at 6.7 nM ON at 4°C in PBS. After blocking with 1% casein-PBS for 1 h at RT, 67 pM N-terminal biotinylated ECD-GCGR in combination with 6.7 M (100-fold access) of the second mAb were added and incubated 1 h at RT. After incubation with HRPconjugated streptavidin (1/5000) and washing with PBS-T, TMB was added and the reaction was stopped with H 2 SO 4 and read at optical density 450 nm. Biotinylated ECD-GCGR was then detected by the antibodies where competition decreased the signal. cAMP assay mAbs were investigated for agonism and antagonism using cAMP-Glo max assay according to the manufacturer's protocol (Promega #V1681). Briefly, serial dilutions of the antibodies (starting at 10 µM) were pre-incubated with CHO cells overexpressing human GCGR for 30 min at 37°C before addition of 0.3 µM glucagon to induce cAMP for another 30 min at 37°C. cAMP-Glo ONE and PKA enzyme from the kit were added, and after 20 min at RT, Kinase Glo substrate in Kinase Glo-Buffer from the kit was added and incubated for 10 min at RT. cAMP was detected using a Glomax multi-detection system (Promega), the RLU were plotted against the concentration of antibodies and EC 50 calculated using Graphpad prism v.6. MOCK was included as a negative control (red). mAbs were detected with anti-human Fc-
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